We have used two-dimensional gel electrophoresis to study the structural transition to the triplex H form of sequences 5'-AAGGGAGAAXGGGGTATAGGGGYAA-GAGGGAA-3' where X and Y are any DNA bases. The transition was observed at acid pH under superhelical stress. For X = Y = A or X = Y = G the sequences corresponded to homopurine-homopyrimidine mirror repeats (H-palindrome) which are known to adopt the H form under acid pH and superhelical stress. We have shown that the H form is actually formed for all X and Y, though in cases other than X = Y = A and X = Y = G the transition requires larger negative superhelical stress. Different substitutions require different superhelicity levels for the transition to occur. Theoretical analysis of the data obtained made it possible to estimate the energy cost of triplex formation due to all possible mismatched base triads.
INTRODUCTION
Homopurine-homopyrimidine sequences are known to adopt at acid pH and/or negative supercoiling an unusual DNA structure, the H form (for review see (1) ). A major element of the H form is the triplex formed by half of the purine strand and the hairpin formed by the pyrimidine strand (see Fig.1 ). The second half of the purine strand remains unstructured, which determines the hypersensitivity of H-DNA to single stranded-specific nucleases and chemical reagents attacking single-stranded DNA (2) (3) (4) (5) (6) (7) (8) .
In principle, two isomeric forms of H-DNA may exist, where the triplex is formed either at the 3'-or at the 5'-end of the purine strand (1, 2) . Chemical probing indicated that the isoform which carries the triplex at the 3'-end of the purine strand usually prevails (3, 4, 5, 7) . However, Htun and Dahlberg reported the formation of the other isomer at low negative superhelicity (6) .
In H-DNA, the triplex consists of T * A*T and C -G*C+ basetriads (2) . These triads are isomorphous, which guarantees triplex formation regardless of the sequence of the triads. This also leads to sequence requirements for H-DNA: the most favorable sequence should be the homopurine-homopyrimidine mirror repeat (1 Fig.2 shows that the pAA32 plasmid, which carries the Hpalindromic sequence (X = Y = A), exhibits a drop of mobility, which reflects the B-H transition at the 6th topoisomer at pH 4.17. At the same time, the pAC32 plasmid exhibits a similar transition (with the same mobility drop) at the 9th topoisomer. The mobility drop is clearly associated with the insert because we could not observe any mobility drop in the parental pUC19 plasmid under the same conditions (data not shown).
-G-A-T-C-C-T-T-C-C-C-T-C-T-T-Y--C-C-C-CsT
The transition is clearly pH-dependent. Indeed, we could not observe any transition in the pAC32 plasmid at pH 5.0 by 2-D gel electrophoresis (data not shown). We therefore conclude that in both cases presented in Fig.2 , as well as in all other 14 cases studied by us, for which the data are not shown, the inserts undergo transitions into the H form.
Voloshin et al. (3) showed that plasmid pAA32, pAG32, pGA32 and pGG32 form H-DNA in which 3'-half of the purine chain participates in-the triplex whereas the 5'-half is unstructured. We believe that the same is true in all the cases we examined. This conclusion stems from the SI-probing of plasmids pGG32, pTT32, pAC32, pCA32, pGT32, pTG32, pGC32, pCG32, pTC32, pCC32, pTA32, pAT32. Fig.3 shows as an example the SI-fine-mapping pattern for the pTT32 plasmid. One can see clear-cut digestion of the 5'-half of the purine strand and the center of the pyrimidine strand (lanes 4 and 7 respectively). 2-D gel electrophoresis shows that the mobility drop corresponded to where T is the number of superhelical turns which corresponds to a half-transition of the plasmid. The Arxy value corresponds to the pXY32 plasmid, the ATA value to the pAA32 plasmid. Table 1 shows that any mismatched base-triad makes triplex formation more difficult. However, different triads affect the transition in different ways. While for pAG32 and pTG32AT = 2, for pTC32AT = 4.
To determine the energy cost of the mismatched triads, let us use the expression for the energy of DNA supercoiling (10) :
Here N is the plasmid length (in b.p.), a is superhelical density, 'y is the number of base pairs per one turn of the double helix under given ambient conditions, R is the gas constant, T is absolute temperature. The energy difference for H forms in the Si. 1 2 3 4 5 6 7 8 9 We conclude that the energy difference between canonical and non-canonical base-triads may vary between 3 and 6 kcal/mol. This estimation is correct as long as the above formula for superhelix energy is valid.
DISCUSSION
We attribute the free energy difference between the H forms formed in plasmids pXY32 and pAA32 entirely to energy difference between the mismatched and canonical base-triads,
Yc
-Y*Xc and T * A*T (the asterisk means Hoogsteen or mismatched-Hoogsteen pairing). Along with the assumption that only one isomer (with the triplex at the 3'-end) of the H form extrudes, this attribution means that we neglect all other energy differences. Specifically, we neglect the fact that the B-H transition is associated with the melting out of the canonical base pair XXc. The possible error may be estimated as (12):
where AHAT is the melting enthalpy of the AT pair, TAT Commentary. The transition point was defined as the topoisomer number corresponding to the half-transition. Since the width of the transition corresponded to about one superturn, the accuracy of the ATXy value was estimated within ±0.5 superturns. The data for pAG32 were taken from (9) 
